We used in vitro selection (SELEX) to isolate RNA 'aptamers' to S-adenosyl methionine (SAM). Individual aptamer sequences conform to the structural element noted previously for adenosine binding in selections for aptamers to ATP and NAD + . When we compare the patterns of sequence conservation among 65 adenosine-binding sequences to the published structure of the adenosine aptamer, we find that the most highly conserved nucleotides contact the bound adenosine directly, and that one conserved nucleotide outside the binding pocket is in position to stabilize nucleotides within the binding pocket. The aptamer's ability to bind diverse adenosine-containing cofactors is easily understood in terms of its mode of binding, which leaves the 5′ position exposed to solvent. We propose that aptamers that bind their targets away from the reactive moiety may be particularly well suited for catalysis. Finally, we estimate that one sequence in 10 11 may be able to form this structural motif, and that there may be many other adenosine-binding motifs that have escaped detection because of their lower representation in the starting random pools.
INTRODUCTION
Many groups have used in vitro selections (SELEX; 1,2) to isolate RNA molecules (aptamers) that bind small molecules, including nucleotide cofactors (3) (4) (5) . RNA aptamers originally selected to bind ATP were used as the starting material to evolve self-kinasing RNA (6) . Similar two-stage strategies may work for selecting a number of cofactor-dependent RNA enzymes (ribozymes).
S-Adenosyl methionine (SAM) is the primary methyl donor for methyl transfer reactions, and it is involved in generating radicals for ribonucleotide reduction in at least one class of ribonucleotide reductase enzymes (7) . The adenosyl moiety of SAM and other nucleotide cofactors is often considered an evolutionary leftover from the RNA World (8, 9) , and by extension, as evidence that these cofactors were among the first used by primitive organisms. Given the importance of both methyltransfer and radical reactions, SAM is a likely candidate to have participated in RNA World metabolism. As a first step toward isolating methyltransferase ribozymes, we used SELEX to isolate SAM-binding RNA 'aptamers. ' The results of these efforts are described here.
MATERIALS AND METHODS
The starting RNA population (10) contained ∼6 × 10 14 (1 nmol) sequences of the form 5′-gggcauaagguauuuaauuccaua(N 80 )uugauucggaugcuccgguagcucaacucg-3′, where 'N' is any nucleotide and the sequences in lower case were used as primer binding sites during reverse transcription and amplification. Approximately 27 nmol of RNA in 10 mM MgCl 2 , 200 mM NaCl, 50 mM Bis-Tris-HCl, pH 6.4, was applied to a 4% beaded agarose column derivatized with 2.7 mM adenosine monophosphate (Sigma). Weakly bound RNA was removed with 10 column vol of buffer. Specifically bound RNA was eluted with buffer that contained 5.0 mM SAM using a rigorous elution regime described elsewhere (D.H.B. and L.G., submitted), then it was precipitated with glycogen, reverse transcribed, amplified by PCR, and transcribed for the next round of selection. cDNA made from the product of the final round was amplified with primers that contained restriction sites so that they could be cloned for sequencing.
RESULTS AND DISCUSSION
During the first four rounds of selection, <1% of the input RNA eluted specifically upon addition of free SAM, climbing to 2.3% in the fifth, 38.2% in the sixth and 50.2% in the seventh round. Not surprisingly, the final population could also be readily eluted from the AMP-derivatized resin with free 5′ AMP. Thirty-five different sequences were obtained from 53 seventh-round isolates ( Fig. 2A-D) . Thirty-four of these converged on a structural motif identified previously in selections of RNA aptamers for ATP and NAD + (3, 4) and known to recognize the adenine base and some features of the sugar (4). Consistent with the previous studies, we find two stems of variable sequence separated by an asymmetric internal bulge-loop with GGAAGAAACUG (highly conserved positions underlined) along one strand and a single bulged G in the other (Fig. 2E) . Twelve of our sequences included base pairs with the 3′ fixed sequence uucgGaugc and used the uppercase G as the bulged G (Fig. 2C) . G:C was the most common base pair 5′ to the bulged G throughout the population, whether or not the fixed sequences were part of the structure. A G:C pair 5′ to the bulged G improves affinity ∼10-fold relative to an A:U pair at the Nucleic Acids Research, 1997, Vol. 25 same position (4), thereby accounting for its predominance in our selection and previously.
Given that there are now 65 sequences of the adenosine-binding loop available from published selections, we looked for correlations between patterns of nucleotide conservation within the loop (Table 1 ) and the aptamer structure determined by NMR (Fig. 3A ) (11) (12) (13) . All of the nucleotides that contact the bound adenosine are highly conserved (92-100%). Adenosine intercalates between bases A10 (97% conserved) and G11 (95%) and hydrogen bonds with G8 (97%), acting as the 'A' of a GNRA-like element that is capped by a reverse-Hoogsteen pair between G7 (97%) and G11. (Base numbering used here is that of Diekmann et al. to facilitate comparison.) The N3 of the bound adenosine hydrogen bonds to the exocyclic amine of A12 (100%). The 3′ side of the loop comprises most of the sugar-binding pocket, which includes hydrogen bonds to the N7 of G30 (97%), the N3 of G17 (95%), the N1 of A12, the N3 of U16 (95%) and the 2′ OH of the base at position 18 (C18 in the Diekmann et al. structure and in >90% of the adenosine-binding aptamer sequences; U18 in the Jiang et al. structure). Most nucleotides that do not form part of the binding pocket are less well conserved. A9 (78%) is the 'N' in the GNRA-like element, while A13 and A14 (both 71%) are distant from the adenosine-binding site and are the only two positions where deletions are observed. In contrast, C15 (88%) is close to the 2′ OH of A10, the base of which stacks with the bound adenosine. Its relatively strong conservation may be derived from its ability to stabilize A10, which contacts the bound adenosine directly.
Three sequences presented variations on this motif. Isolate S38 (and two isolates with identical sequences) contained a C18:A29 pair in place of the highly conserved C18:G29 pair. This arrangement retains the potential interaction between C18 and the bound adenosine, and may be stabilized by protonation of the C at the relatively low pH (6.4). G30 is replaced with a dinucleotide in two sequences (UA in isolate S3; GA in S8). The sequence of isolate S8, in particular, has a weakly base-paired organization around the conserved element. Interestingly, these are the only two sequences in which the C18:G29 pair is replaced by a U:A pair. Among the self-kinasing ribozymes (6), there are variants at every position of the ATP-binding element (except G7 and A12) that could affect both structure and binding, including tri-and hexanucleotide bulged substitutions for G30 in the class I and III ribozymes. Given G30's normal role in organizing the 3′ side of the loop (the sugar-binding pocket) and its direct contacts with the ribose of the bound adenosine, it will be of interest to determine whether adenosine binding by, or the overall fold of, any of these variants is significantly different from those of the 'normal' sequence.
The three small-molecule targets that have been used to select this aptamer differ in the substituent at the 5′ position. Since this position is exposed to solvent (11) (12) (13) , it can readily accommodate bulky adducts such as those found in SAM, ATP and NAD + (Fig. 3B) . Although the number of aptamers that have been converted into catalysts is small, the binding mode of this class of adenosine aptamers is likely to serve as a powerful paradigm. Specifically, it binds the cofators away from the reactive moiety, rather than burying it inside a binding pocket. By extension, these adenosine aptamers may be likely starting materials for isolating many different kinds of ribozymes that utilize adenosine-containing cofactors. Furthermore, selections designed to prevent direct binding to the reactive group of any small molecule-e.g., by using it to link the cofactor or substrate to the column matrix-may favor isolation of aptamers with binding modes that permit their utilization in cofactor-dependent catalysis.
The conditions of our selection differed moderately from those used to isolate aptamers to ATP and NAD + . SAM carries a net positive charge, versus net negative charges for both ATP and NAD + . In addition, the ATP (4) and NAD + (3) selections were done in 250-300 mM NaCl, 5 mM MgCl 2 buffered to pH 7.6, while during the SAM selection, the solution was buffered to pH 6.4 in slightly lower salt and twice the magnesium. Furthermore, each group utilized different fixed sequences in the design of their respective starting populations. None of these difference forced the selection toward a different solution, suggesting that this element may be the most readily selectable under a wide variety of conditions. Similar reproducibility of the SELEX protocol using multiple starting populations and minor differences in the selections conditions has been observed for selections against the antibiotic chloramphenicol (D.H.B. and L.G., submitted) and HIV-1 reverse transcriptase (10) . Convergence upon the same adenosine-binding RNA aptamer motif in the three different labs might even have been expected in light of the fact that this aptamer is non-specific for substituents at the 5′ position (4) and that the target molecules in all three selections were bound to their respective columns through the C-8 position of the adenosine. An entirely different solution would be expected (required!) if the adenosine had been linked to the resin through the ribose or N6 because each of these makes extensive contacts within the aptamer binding pocket. Position  G7  G8  A9  A10  G11  A12  A13  A14  C15  U16  G17  C18  G29  G30   'SAM' sequences   A  1  2  25  32  0  34  23  23  2 
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Assuming that the informational content at each position (i.e., ability to tolerate nucleotide substitutions) among adenosine aptamers with equivalent affinities is reflected in the statistics of Table  1 , then the 14 nt of the conserved element (including a G29 to pair with C18), are expected to appear in one out of every 4 14 × P f = 6.3 × 10 7 sequences, where P f is the product of each fractional representation (shown as 'percent consensus' in Table 1 ). Furthermore, one sequence in ∼1500 will be able to form seven additional base pairs (total of four on each side including the C18:G29 pair, and allowing G•U pairs). As a result, at least one sequence in 10 11 will contain a functional adenosine-binding element using some variation of the motif described here. Therefore, its repeated isolation in three labs from starting populations with >10 14 individual members may derive largely from its overrepresentation in the initial populations, rather than its being intrinsically the 'best' RNA aptamer for adenosine. By extension, there may be structurally distinct aptamers in these pools with equivalent or better affinity that have escaped detection because of their lower representation in the starting random pools. Ribozymes built from such aptamers may or may not share the features of ribozymes built from the adenosine aptamers described here.
